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Energetic urrencies of foraging animals, such as net rate of energy gain and 
efficiency, play a key role in many aspects of theoretical ecology. Classical 
models of optimal foraging assume that animals attempt o maximize the mean of 
an appropriate nergetic urrency (Krebs and McCleery 1984). More recently, 
behavioral ecologists have realized that a knowledge of not just the mean, but also 
the variance, of energetic urrencies is essential to our understanding ofanimal 
behavior (Caraco 1980; Stephens and Charnov 1982; McNamara and Houston 
1986; Real and Caraco 1986). Mechanistic models of population dynamics may 
also use energetic urrencies as parameters (Schoener 1976). 
To test models of foraging behavior in the field, we require a knowledge of the 
absolute, or at least the relative, value of behavioral options. This can be achieved 
only by knowing the distribution a d abundance of the resources that a forager 
encounters. In the past many tests have made the tacit assumption that the 
distribution a d abundance of the standing resources equals the distribution a d 
abundance of the resources that a forager encounters. This assumption is not, in 
general, true. 
This paper has two main objectives. First, I show that the distribution a d 
abundance of the resources encountered by a forager in patches (encountered 
crop) does not equal the distribution a d abundance of resources obtained by an 
observer andomly sampling those patches (standing crop). I derive relationships 
between standing and encountered crop that depend on the distribution, intime, 
of the arrivals of any forager to a particular patch. Second, I discuss the effect-of 
systematic foraging on the fitness of territorial and nonterritorial foragers and of 
risk-sensitive and risk-insensitive foragers. 
An extension of the model of resource renewal and depletion in patches (devel- 
oped in Possingham 1988) is used to achieve these objectives. A forager visits 
patches of unknown quality and depletes those patches to a fixed resource abun- 
dance (zero in this model). An important assumption of the original model is that 
the arrival of any forager at a particular patch is independent of previous arrivals. 
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FIG. 1.-Example of fluctuations in the amount of resource in a patch showing the two 
properties of the model, deterministic renewal at a constant rate and instantaneous indepen- 
dent depletion to a fixed level. Two realizations of the inter-arrival time, Z, are shown with 
one realization of the current life. 
Hence, the inter-arrival time (the time between forager arrivals at a particular 
patch) has an exponential distribution with equal mean and standard deviation, 
and I call the arrival process independent. In this paper I relax this assumption. In 
particular, this paper addresses the situation of systematicforaging, in which the 
standard deviation of the inter-arrival time is less than the mean inter-arrival time. 
Many of the most elegant tests of optimal patch choice and optimal patch use 
have involved nectarivorous animals foraging on floral nectar. Consequently, I 
concentrate on this group of animals, although the principles of the paper apply to 
any forager seeking resources that occur in well-defined patches. The nectarivore 
guild is attractive because it is easy to quantify its resources, that is, to measure 
the standing crop of nectar. Unfortunately, many authors have equated standing 
crop with encountered crop (Heinrich 1976a; Whitham 1977; Schaffer et al. 1979, 
1983; Pyke 1980; Hodges and Wolf 1981; Laverty and Plowright 1985; Pleasants 
and Waser 1985) without explicitly stating that the forager arrival process is 
independent. 
INDEPENDENT VERSUS DEPENDENT ARRIVAL PROCESSES 
The first conclusion of this paper, that standing and encountered crop are not 
equivalent, can be argued without a model. From the animal's point of view, the 
distribution and abundance of resources that it encounters is the important distri- 
bution. Researchers, however, often measure the distribution and abundance of 
resources by randomly sampling patches. This second distribution is often called 
standing crop since it measures resource abundance at a single point in time. 
When we measure standing crop, we sample from a patch that has not been visited 
by a forager for an amount of time that I call the current life, a random variable 
denoted by C. During this time, the resources have renewed in the patch undis- 
turbed by the arrival of a forager. When a forager arrives at a patch, it encounters 
an amount of resource resulting from renewal over a period of time Z, a random 
variable denoting the inter-arrival time (fig. 1). If the arrival process is indepen- 
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dent, then Z and C have the same exponential distribution (which is the case 
developed in Possingham 1988). If the arrival process is not independent, hen Z 
and C do not have the same distribution, and consequently standing crop is not 
equivalent o encountered crop. This argument has important practical and theo- 
retical implications. 
Let us now consider a circumstance that might lead to an independent-arrival 
process. If there are a large number of foragers moving independently (e.g., 
without erritorial constraints) among a large number of patches and if a single 
forager tends to avoid patches that it has recently visited (see below), then I 
suggest hat the arrival process will be independent. This suggestion is supported 
by data on the distribution of the inter-arrival time for bumblebees exploiting 
nectar in Helianthella quinquenervis flowers of the family Compositae (Pleasants, 
pers. comm.; but see Pleasants and Zimmerman 1983). A number of factors, 
however, may lead us to suspect that the depletion process is not independent. 
1. A recent visit by a forager to a patch implies that a forager is in the 
immediate vicinity of that patch. Hence, if the forager's movements are random, 
we might expect the probability of a small inter-arrival time to be greater than 
predicted by the independent-arrival model. This mechanism may cause the 
variability about inter-arrival times to be greater than what would be predicted 
using the independent-arrival model. Movement rules, however, designed to 
avoid the disadvantageous possibility of revisiting a patch that was recently 
depleted, may reduce this effect (Cody 1971; Pyke 1978a,b; Zimmerman 1979). 
2. Often the reward values of neighboring patches are correlated as a result of 
foraging activities (Pleasants and Zimmerman 1979; Zimmerman 1981a-c), partic- 
ularly when those patches are part of a larger structural unit, for example, flowers 
on an inflorescence (Pyke 1978c; Best and Bierzychudek 1982). If an animal can 
recognize areas that have not been visited by other foragers for a long time, then it 
may be able to increase its rate of energy gain by means of area-restricted 
searching, that is, by increasing its turning angle and reducing the distance it 
moves between patches. This sort of behavior educes the variability of the inter- 
arrival-time distribution. 
3. It is possible that some foragers are able to assess remotely the quality of 
patches, thereby avoiding patches that offer poor rewards (Marden 1984). This 
leads to an inter-arrival-time distribution that is not exponential. The phenomenon 
would best be modeled by assuming that the probability of an arrival is an 
increasing function of the resources available in a patch. 
4. Ecologists studying the behavior of territorial foragers have found that an 
owner may systematically exploit the resources in its territory (Gill and Wolf 
1977; Kamil 1978; Bibby and Green 1980; Davies and Houston 1981; Paton and 
Carpenter 1984). The word systematically has been used to suggest that the 
territory owner, because it has exclusive (or almost exclusive) access to its re- 
sources, is able to concentrate its visits to patches that have not been visited for a 
long time. This behavior reduces the variability of the inter-arrival-time distribu- 
tion. Such behavior is believed to be advantageous to the territory owner, a belief 
that is discussed in detail below. 
5. Finally, even when foragers are not territorial, individuals may tend to 
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forage in specific portions of an area that, at first sight, appear to be exploited by 
many different foragers. This is true for traplining hummingbirds and bees (Janzen 
1971; Feinsinger 1976). Even in bumblebees, Heinrich (1976b) found that individ- 
uals tend to specialize on specific flower species in specific areas (Thomson et al. 
1987). Again, this behavior may reduce the variability of the inter-arrival time, Z. 
In all but the first situation described above, the forager's behavior educes the 
variability of the inter-arrival-time distribution. Like other authors, I call this 
systematicforaging, but what does this mean mathematically? I define systematic 
foraging as any behavior that reduces the standard eviation of the inter-arrival 
time without altering the mean inter-arrival time. When the arrival process is 
independent, he mean and the standard eviation of the inter-arrival time are 
equal, and the coefficient of variation of the inter-arrival-time distribution is thus 
equal to one. Therefore, systematic foraging means that the coefficient of varia- 
tion of the inter-arrival time is less than one. A forager, or group of foragers, 
becomes more systematic by reducing the coefficient of variation of Z. 
In the following section, concepts and terminology are further introduced by 
developing the model for the case in which the resources in a patch increase at a 
constant rate. The model is extended to allow for a decreasing rate of resource 
renewal to a fixed maximum resource abundance. Implications of the model for 
territorial foragers are discussed with reference to data collected by Gill and Wolf 
(1977) about territorial sunbirds consuming floral nectar secreted by Leonotis 
nepetifolia flowers of the family Labiatae. Throughout the paper, four questions 
are of interest. What is the relationship between the distribution a d abundance of 
standing and encountered resources? When is it possible to estimate the mean and 
the standard eviation of encountered resources by the mean and the variance of 
standing crop? How do the means and the standard eviations of standing crop 
and encountered crop change as the forager (or foragers) becomes more or less 
systematic? What are the implications of these results for the fitness of territorial 
and/or isk-sensitive foragers? 
THE MODEL 
Here I derive simple expressions for the mean and the standard eviation of 
encountered crop and standing crop when resources in a patch renew at a constant 
rate. The practical and theoretical implications of these results are discussed in 
detail. 
Consider foragers that move between patches containing food. Let X(t) be a 
continuous random variable that represents the resource abundance of a patch at 
time t. This resource abundance is affected by two processes: renewal and 
depletion. In the absence of foragers, suppose that the resource abundance of a 
patch increases at a constant rate. Assume that a forager arriving at a patch 
consumes all the available resource. This is often true for nectarivores visiting 
individual flowers (Wolf et al. 1976; Kamil 1978), although depletion to a fixed 
level can be easily introduced into the model. Let the depletion process be 
effectively instantaneous compared with the time scale of renewal. An example of 
fluctuations in the resource abundance of a patch is illustrated in figure 1. 
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The distribution of the inter-arrival time, Z, is a critical feature of the model. 
Assume that Z has a y distribution with a mean, a standard deviation, and a 
coefficient of variation: [L,, a, and v, = ar,/[L. I choose the y distribution because 
it is mathematically convenient, italways takes positive values, and the exponen- 
tial distribution is a particular case of the y distribution btained by letting v, = 1. 
The results corresponding toan independent-arrival model are extracted from the 
more general model by setting the coefficient of variation to one. It would be 
better if the distribution of the inter-arrival time were derived directly from a 
mechanistic model of the movement rules of foragers; however, this problem does 
not appear to have any simple solution, and the choice of the -y distribution should 
be regarded as purely phenomenological. 
From the description of the model, it can be seen that the resource abundance 
encountered by a forager equals the secretion rate multiplied by the inter-arrival 
time: 
Xe = XZ. (1) 
Using equation (1), we know that the mean and the standard eviation of encoun- 
tered resource abundance are 
ILxe = ILJz (2) 
and 
0xe = z(3) 
When standing crop is measured, patches are sampled at any time with equal 
probability. At the time standing crop is measured, the patches have been renew- 
ing for a period of time since the last depletion event; this time is called the current 
life, C, of the renewal process. As above, the mean and the standard eviation of 
standing crop equal the mean and the standard eviation of C multiplied by the 
secretion rate: 
PLxs = XILc, (4) 
orXS = Xuc , (5) 
where pL and rc are the mean and the standard eviation of current life. To relate 
standing crop to encountered crop, we need to know the relationship between the 
central moments of C and Z. 
When a mathematical renewal process has reached equilibrium, itcan be shown 
that the probability density function of the current life is related to the probability 
distribution function of the inter-arrival time in the following way (see Grimmett 
and Stirzaker 1982, chap. 10): 
P(C = z) = [1 - F(z)]/Lz, (6) 
where F(z) is the probability distribution function of Z. 
Using equation (6) and the assumption that Z has a y distribution, it is possible 
to derive expressions for the central moments of the current life in terms of the 
central moments of the inter-arrival time (Cox 1962, p. 64). The expressions for 
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FIG. 2.-Example of fluctuations in the amount of resource in a patch being exploited by a 
perfectly systematic forager. All realizations of the inter-arrival time are identical. The 
amount of resource observed by sampling the patch at any time will always be less than or 
equal to the constant resource abundance encountered by the forager. 
the mean and the standard deviation of standing crop, in terms of the mean and the 
standard deviation of the inter-arrival time, are 
1Xs = A: 1z(1 + v2)/2 (7) 
and 
0rXS = X[lj[(1 + v2)(1 + 5V2)/12]"2 (8) 
(see Appendix A). The expression for mean standing crop is independent of the 
form of the inter-arrival-time distribution, whereas the expression for the standard 
deviation depends on the assumption that Z has a y distribution. Since current life 
and inter-arrival time have the same distribution when foraging is independent, 
the means and the standard deviations of standing crop and of encountered crop 
can be shown to be equal by substituting vz = 1 into equations (4), (5), (7), and (8): 
.Lxe = [.Lvs = I1Lz 
and 
tTxe = (Txs = XP1z when vz = 1. 
The model is clarified conceptually by considering a specific example. Consider 
a territorial forager that visits the patches in its territory in strict sequence, so that 
the time between visits to a particular patch is a constant, ,uz. I call this perfectly 
systematic foraging. Figure 2 shows fluctuations in the resource abundance of a 
patch being depleted by a perfectly systematic forager. Perfectly systematic 
foraging means that vz = 0; therefore, the equations for the means and the 
standard deviations of standing crop and of encountered crop simplify to 
ILxe 4Lz as before, 
Orxe 0 , 
[Lxs = ALZ/2 ,
and 
orxs = AZ/(12)12 
These results can be understood by comparing figures 1 and 2. Note that, if 
foraging by a single territorial forager (or a population of nonterritorial foragers) 
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FIG. 3.-Mean encountered crop and mean standing crop as functions of the coefficient of 
variation of the inter-arrival time. Foraging becomes more systematic as v, decreases. When 
vz = 1, the probability that a forager arrives at a particular patch is independent of previous 
arrivals to that patch. 
changes from independent to perfectly systematic, the mean encountered crop 
does not change but the mean standing crop is halved and the standard deviation 
of encountered crop becomes zero. 
The only data I have found on the inter-arrival-time distribution suggest that the 
coefficient of variation of the inter-arrival time lies between 0.4 and 1.0. I call this 
range of values normal values for v,. The data come from nonterritorial bum- 
blebees (Pleasants and Zimmerman 1983) and territorial sunbirds (Gill and Wolf 
1977). In three data sets, the departure from an independent-arrival model was 
found to be significant. 
Given equations (4), (5), (7), and (8), the following conclusions about the 
influence of systematic foraging, when renewal is linear, can be drawn. 
1. Systematic foraging by a territorial forager, or a population of nonterritorial 
foragers, does not alter the mean encountered resource abundance of that territo- 
rial forager or population of nonterritorial foragers. This apparently counterintui- 
tive result is true because, when resource renewal is linear, the rate of resource 
input into the system is unaffected by the foraging behavior of the animals. 
2. Systematic foraging decreases mean standing crop. Mean standing crop 
significantly underestimates mean encountered crop when foraging is systematic, 
even when the degree of systematic foraging is modest (fig. 3). As a forager 
becomes increasingly systematic, it reduces the mean standing crop from being 
equal to the mean encountered crop, to half the mean encountered crop. Without 
proving that the depletion process is independent, many authors have tacitly or 
explicitly assumed that the mean standing crop measures the mean resource 
abundance that a forager encounters. 
3. The standard deviation of encountered resources decreases as the forager 
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FIG. 4.-The standard deviation of encountered crop and the standard deviation of stand- 
ing crop as functions of the coefficient of variation of the inter-arrival time. 
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FIG. 5. -The coefficients of variation of encountered crop and of standing crop as functions 
of the coefficient of variation of the inter-arrival time. 
becomes more systematic. The standard deviation of standing crop also decreases 
as a forager becomes more systematic (fig. 4). For normal values of vz, the 
standard deviation of standing crop does give a rough estimate of the standard 
deviation of encountered crop. 
4. Finally, systematic foraging reduces the coefficient of variation of encoun- 
tered crop about twice as rapidly as it reduces the coefficient of variation of 
standing crop (fig. 5). 
What are the implications of systematic foraging for the fitness of a nonterrito- 
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rial forager? Systematic foraging does not increase the mean net rate of energy 
gain of a population of nonterritorial foragers when the rate of resource renewal is 
linear. This is not intended to imply that nonterritorial individuals cannot increase 
their expected net rate of energy gain by foraging more systematically if the 
behavior of the remainder of the population remains unaltered. The standard 
deviation of the encountered resource abundance is decreased by systematic 
foraging. 
For territorial and home-range foragers, the situation is more complex and more 
interesting. First, consider a territory owner that expels intruders oon after their 
arrival in its territory. Expelling intruders costs both time and energy. It is 
generally assumed that the rate of intrusion into a territory depends on the 
distribution and abundance of resources that the intruders encounter in that 
territory. In particular, a greater mean resource abundance results in a greater 
intrusion rate (Pyke 1979; Hixon 1980; Schoener 1983). If an intruder arrives at 
any patch in the territory with equal probability, it encounters standing crop. 
Because systematic foraging reduces the mean standing crop, it may decrease 
intruder pressure, which decreases the cost of territory defense, thereby increas- 
ing a territory owner's fitness. This conclusion is complicated by the fact that 
systematic foraging also reduces the standard deviation of standing crop. Whether 
or not intruder pressure is decreased by systematic foraging depends on how risk- 
averse the intruders are, if at all. In some cases, it may be more realistic to assume 
that the forager arrives at patches that are far from the territory owner, such that 
they do not encounter the distribution and abundance of standing resources. To 
fully understand the implications of systematic foraging, we need to know the 
spatial distribution of the patches, the mechanisms of patch choice by both the 
owner and intruder, and the mechanisms of intruder detection and pursuit. All 
these considerations should be integrated into a model of resource renewal and 
depletion like the one described here. 
Now consider a home-range or traplining forager that does not expel intruders. 
In this case, intrusions into the home range deplete resources that would other- 
wise have been used by the home-range owner. One would expect the rate of 
intrusion, the time spent intruding, and the volume of resource removed to depend 
on the distribution of standing crop. Under these circumstances a reduction in 
standing crop caused by systematic foraging may bring many advantages to the 
home-range owner. 
I believe that the main advantages of systematic foraging are the reduction in 
variability in resource intake and the reduction in resource and energy loss 
associated with intrusions. It must be stressed that, perhaps counterintuitively, 
systematic foraging does not increase the mean net rate of energy gain when 
resources in a patch renew at a constant rate. This is not true for other kinds of 
resource renewal, as shown below. 
MODEL WITH A DECREASING RENEWAL RATE 
In the model developed thus far, the resource abundance increases linearly and 
would increase indefinitely in the absence of foragers. For most real systems in 
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which the resource is not nectar, the resource abundance of a patch increases, 
often at a decreasing rate, toward some maximum value per patch. For flowers, a 
finite life span and a finite volume limit the amount of nectar that can accumulate, 
although the limit may rarely be approached because of the foraging activities of 
nectarivores. A convenient way of reflecting this is to represent the rate of 
increase of resources in a patch by the equation 
dxldt = X(1 - x/xm) (9) 
where xm is the maximum resource abundance of a patch. I call this the model with 
a decreasing renewal rate. Detailed data about the relationship between the rate of 
nectar secretion and the amount of nectar in a flower is scarce. However, there is 
evidence for renewal rates that are constant, constant to a fixed maximum, and 
decreasing (Cruden et al. 1983). Now consider the effect of a decreasing renewal 
rate on the distribution and abundance of resources, both standing and encoun- 
tered. 
First, consider encountered resource abundance. A forager encounters a patch 
after it has been renewing for Z units of time; therefore, the mean encountered 
resource abundance is 
00 
PL xe Xm(1 - e-z/l)dF(z). (10) 
Using a property of the -y distribution, equation (10) can be written in terms of the 
coefficient of variation of the inter-arrival time and a parameter T: 
ILxe = Xm [ T ( +V, (11) 
where T = xm/X[1z is the time required for xm units of resource to accumulate at 
rate X, divided by the mean inter-arrival time (see Appendix B). As T tends toward 
infinity, the model reduces to the linear-renewal case; if T = 0, patches fill up 
immediately after being visited. From equation (11), it is immediately evident that, 
unlike the linear-renewal model, the mean encountered crop depends on the 
coefficient of variation of the inter-arrival time. 
In Appendix B the same sort of argument is used to calculate the mean standing 
crop: 
IJxs -xm { + TL( T 2'a ) ][ (12) 
When foraging is independent, the mean standing crop and the mean encountered 
crop both equal xm/(l + T). The mean standing crop and the mean encountered 
crop are compared in figure 6 for a variety of values of T. Using equations (11) and 
(12) and figure 6, I discuss how the conclusions from the preceding section are 
altered by this extension to the model. 
The most important new conclusion arising from this extension of the model is 
that the mean encountered crop now depends on the degree of systematic forag- 
ing. When the renewal rate is a decreasing function of the amount of resource in a 
This content downloaded from 130.102.158.24 on Thu, 18 Sep 2014 19:25:00 PM
All use subject to JSTOR Terms and Conditions
52 THE AMERICAN NATURALIST 
1.3 
T=05 0. 
CL ~~~~~~~a) (u 
21.2 
0.0~~~~~~~~~~~~~~~~~~~~~~. 
0 1 0 1 
Coefficient of variation of Z, vz Coefficient of variation of Z, vz 
FIG. 6.-Functions of the coefficient of variation of the inter-arrival time for the decreas- 
ing-renewal-rate model: a, mean encountered crop; b, mean standing crop. The different 
curves indicate different values of the parameter T. The y-axis is scaled so that the mean 
encountered crop and standing crop are represented as ratios of the mean standing crop when 
foraging is independent, Xm/(1 + T). This facilitates comparison of the relative effect of 
systematic foraging for different values of T. When T = co, the model reduces to the linear- 
renewal case. 
patch, systematic foraging increases the mean encountered crop. The increase in 
the mean encountered crop depends on the value of T. As T increases from 0, the 
gain in the mean encountered crop increases until T 0.5. At this point, system- 
atic foraging may cause an increase of 25%, or more, in the mean encountered 
crop. Increasing T further causes the benefit of systematic foraging to decrease. 
When T equals infinity, this extension degenerates to the linear-renewal case and 
systematic foraging causes no increase in Fle* It is important o note that, for 
normal values of vz, systematic foraging increases the mean encountered crop by 
less than 5% when T > 5. Systematic foraging causes the greatest increase in the 
mean encountered crop when a patch would fill in half the mean inter-arrival time 
if the renewal rate remained constant at A. Under this circumstance, the resource 
abundance of a patch fluctuates in the middle of the renewal curve, when the slope 
is changing at its greatest rate. 
As before, systematic foraging decreases the mean standing crop, regardless of 
the value of T. The mean standing crop is affected less by systematic foraging as T 
decreases. In the limiting case of T = 0, systematic foraging does not affect 
standing crop because all patches renew instantaneously. Similarly, changing T 
does not affect the qualitative relationship between the mean encountered crop 
and the mean standing crop, but as T decreases, the difference between the mean 
standing crop and the mean encountered crop decreases. However, T must be less 
than 0.5 before the mean standing crop estimates the mean encountered crop 
within 5%. The standard deviations of standing crop and encountered crop are 
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also affected by this extension of the model. Expressions for both these quantities 
are given in Appendix B. In general, the linear-renewal model provides adequate 
estimates of the standard deviations if T > 1. For smaller values of T, the situation 
is far more complex and is not discussed further in this paper. 
EXAMPLE USING SUNBIRD DATA 
In a detailed natural experiment, Gill and Wolf (1977) studied the foraging 
behavior of sunbirds (Nectarina spp.) feeding on nectar secreted by Leonotis 
nepetifolia flowers in montane Kenya. They showed that the probability distri- 
bution of visits to flowers by territorial N. reichenowi and N. kilimensis were 
significantly different from independent in 11 of 21 cases, implying some sort of 
systematic foraging. They hypothesized that systematic foraging would increase 
the net rate of energy gain of these territorial birds. In an attempt to measure this 
advantage, they measured the mean standing crop and, using an ingenious 
method, the mean nectar content of flowers exploited by foraging sunbirds (mean 
encountered crop). They found that the ratio of the mean encountered resource 
abundance to the mean standing crop equaled 1.30 for the significantly noninde- 
pendent arrival cases, and 1.18 for the other cases. They interpreted this to 
indicate that systematic foraging increases the mean nectar volumes encountered 
by the sunbirds by 20%-25%. 
Gill and Wolf's work has been widely cited as evidence that systematic foraging 
is advantageous (Davies and Houston 1984; Paton and Carpenter 1984). The 
paper's conclusions are, however, unjustified. Gill and Wolf (1977) neglected the 
fact that nonindependent foraging affects both the mean encountered crop and 
the mean standing crop. 
If we assume that the rate of nectar secretion in L. nepetifolia flowers is linear, 
then nonindependent foraging does not increase the forager's net rate of energy 
gain; it merely reduces standing crop. From Gill and Wolf's data, I estimate that 
the coefficient of variation of the inter-arrival time, vz, lies between 0.7 and 0.85. 
Data from Gill and Wolf (1975) and Gill and Conway (1979) provide some 
evidence suggesting that the model with a decreasing renewal rate may be more 
appropriate. From these data, A < 0.7 1ld per hour, pLz - 3 h, and xm - 10 ,Ll. 
Therefore, I estimate that T > 5. Using the results from the extension to the 
model, it can be shown that the sunbirds increase their mean encountered crop by 
less than 3%. As with the linear-renewal model, the main effect of systematic 
foraging is to decrease the mean standing crop, not increase the mean encountered 
crop. I believe that systematic foraging does not give the foragers a significant 
advantage in the way Gill and Wolf (1977) first suggested. However, the reduction 
in the mean standing crop, about 20%, is advantageous because it may reduce the 
frequency of territorial intrusions. 
The sunbirds in the study were not breeding and appeared to be largely intent on 
survival; therefore, individuals probably received some advantage from a reduc- 
tion in the variability of the rewards they received (Pyke 1979; McNamara and 
Houston 1982; Stephens and Charnov 1982; Lima 1984). Consequently, the reduc- 
tion in the standard deviation of encountered crop caused by systematic foraging, 
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again, about 20%, may significantly increase the fitness of the territory owner in 
this example. 
DISCUSSION 
Before I discuss the assumptions and conclusions of this paper, one point of 
terminology requires clarification. I use the term independent foraging to describe 
the situation in which the probability of an arrival at a particular patch is constant 
at all times. Other authors have called this random foraging. Their terminology 
can be confusing because foraging is still a random process even if it is not 
independent. Foraging is not random only when the forager is perfectly system- 
atic. 
Four key assumptions of the model warrant discussion. 
1. I assume that the inter-arrival time has a y distribution. Given a complete 
distribution for Z from a particular situation, this assumption could be tested. If, 
in a particular case, the inter-arrival-time distribution differs significantly from the 
y distribution, then the expressions I have developed for mean encountered crop 
and mean standing crop are largely unaffected. However, the quantitative conclu- 
sions regarding the standard deviations of standing crop and encountered crop 
may require modification. 
2. All the conclusions and analyses in this paper assume that the distribution 
and abundance of resources have reached equilibrium. When there are temporal 
variations in the parameters of the model-for example, the nectar secretion 
rate-this equilibrium approach is not justified, although the qualitative conclu- 
sions may be unaffected ifdiurnal variations are small. Moreover, equation (6), 
relating the inter-arrival-time distribution to the current-life distribution, is an 
equilibrium result. When there are diurnal variations in the mean depletion rate, 
equation (6) is not valid. 
3. I assume that the other parameters of the model, X, p, and xm, are fixed 
constants. If X is a random variable, then the expressions for the standard 
deviation of flower nectar content are significantly altered (Possingham 1988). 
Nevertheless, the conclusions regarding the effect of systematic foraging on the 
standard eviation of flower nectar contents and the implications for risk-sensitive 
foragers remain unaltered. 
4. The assumption that the resource is continuous is appropriate for nectar in 
flowers, but in many cases the resource that an animal consumes occurs as 
discrete items. Some well-known examples include insects consumed by mam- 
mals and birds (Hespenheide 1971; Zach and Falls 1979; Davies and Houston 
1981; Waser 1981; Moreno 1984) and seeds eaten by mammals and birds (Reich- 
man and Oberstein 1977; Schluter 1982). In these cases the random variable that 
describes the resource abundance of a patch is defined on the set of positive 
integers. Using Markov-chain theory, it is possible to derive equilibrium results 
analogous to those I obtained for a continuous resource (Possingham 1987) if the 
basic renewal pattern is the same. The results concerning the mean resource 
abundance of a patch remain unaffected by this extension of the model, and the 
conclusions of this paper remain unaltered. Results concerning the standard 
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deviation of resource abundance are affected when the mean number of items in a 
patch is small because another source of variability, the demographic nature of the 
discrete resource items, enters the model. 
The model was extended to allow for a decreasing rate of resource renewal in a 
patch. This extension causes systematic foraging to increase the mean rate of 
energy gain of the animals because it reduces the time that a patch spends 
renewing slowly. Other qualitative conclusions of the model are unaffected. Many 
other sorts of renewal processes are possible when resources other than nectar are 
considered. For example, if the renewal rate is an increasing function of the 
amount of resource in a patch, the systematic foraging reduces the mean encoun- 
tered crop. For renewal processes that are both accelerating and decelerating for 
different values of resource abundance, the effect of systematic foraging on the 
mean encountered crop depends on whether the renewal rate for the average 
patch is increasing or decreasing. For example, consider a logistic-renewal curve 
for resources in a patch. If the average patch is held, by depletion, in the lower- 
accelerating portion of the renewal curve, systematic foraging is disadvantageous 
to the forager. Conversely, if patches usually exhibit decelerating renewal, be- 
cause of a low mean rate of depletion by the forager, systematic foraging increases 
the mean encountered crop. In both cases, the influence of systematic foraging is 
greatest when the rate of increase of the average patch is changing at the greatest 
rate. These observations have implications for the carrying capacity of a popula- 
tion and the harvesting of resources. Systematic foraging increases the carrying 
capacity of a population if the average patch experiences a decreasing rate of 
resource renewal, but it decreases the carrying capacity when the average patch 
renews at an increasing rate. 
In conclusion, the mean standing crop is less than the mean encountered crop, 
but the standard deviation of encountered crop can be crudely approximated by 
the standard deviation of standing crop for normal levels of systematic foraging. 
Authors interested in measuring the distribution and abundance of resources 
encountered by a forager should take care to measure that distribution, not the 
distribution of standing crop, unless they can show that foraging is independent. 
For practical purposes, the mean and the standard deviation of encountered 
resource abundance can be calculated from the distribution of standing crop if we 
have a measure of the coefficient of variation of the inter-arrival-time distribution. 
By foraging more systematically than an independent forager, an animal may 
affect its mean net rate of energy gain and hence its fitness. If the renewal rate is 
linear, then systematic foraging does not increase the net rate of energy gain of a 
forager. If the renewal rate is increasing (or decreasing) in the region of the mean 
resource abundance, then systematic foraging decreases (or increases) an ani- 
mal's net rate of energy gain. Regardless of the renewal properties of the resource, 
systematic foraging decreases the variability of the rewards received from a patch, 
thereby increasing the fitness of a risk-averse forager. Finally, for a territorial or 
home-range forager, I believe that a major advantage of systematic foraging is a 
reduction in mean standing crop, which may confer a fitness advantage by reduc- 
ing intruder pressure and/or resource loss to intruders. This can be seen as a kind 
of defense by exploitation (Paton and Carpenter 1984). 
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SUMMARY 
A model of resource renewal and depletion is used to explore the relationship 
between the distribution and abundance of the resources encountered by a forager 
(encountered crop) and the distribution and abundance of resources observed by 
researchers (standing crop). Unless the arrival rate of any forager at a patch is 
independent of previous arrivals at that patch, encountered crop does not equal 
standing crop. Pollination ecologists should be wary of using standing crop to 
measure encountered crop. 
When resources in a patch renew at a constant rate, systematic foraging (reduc- 
ing the standard deviation but not the mean of the inter-arrival time) does not 
increase the mean resource abundance encountered by a forager. However, 
systematic foraging may increase the fitness of a territorial forager because it 
reduces mean standing crop and therefore intruder pressure, and systematic 
foraging may increase the fitness of a risk-averse forager because it reduces the 
standard deviation of encountered crop. When the rate of resource renewal in a 
patch depends on the amount of resource in that patch, systematic foraging alters 
the mean resource abundance encountered by a forager. In particular, when 
resources increase in a patch at a decreasing rate, systematic foraging increases 
mean encountered crop. 
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APPENDIX A 
CALCULATING THE MEAN AND STANDARD DEVIATION OF STANDING CROP IN TERMS OF THE 
COEFFICIENT OF VARIATION OF THE INTER-ARRIVAL TIME: LINEAR-RENEWAL MODEL 
The mean and the standard eviation of standing crop equals the mean and the standard 
deviation of current life multiplied by X, the nectar-secretion rate. To compare standing 
crop and encountered crop, we need to express the mean and the standard eviation of 
current life in terms of the mean and the coefficient of variation of the inter-arrival time. 
Using equation (6), Cox (1962) obtained expressions for pL, and cr2 in terms of the mean, 
the variance, and the third moment about the mean, I&, of the inter-arrival time: 
11c = (wLz + cr 2/~Lz)/2 (Al) 
and 
JC2 =L S/3Z ~z+ r - /2112)/2 + 12/12 (A2) 
When equations (Al) and (4) are used, the mean standing crop is 
11XS = X1iz(l + v2) /2, (A3) 
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as required. It is important o note that equation (A3) is independent of the type of inter- 
arrival-time distribution. The expression for the variance of current life involves the third 
moment about the mean of Z; therefore, we need to express 1L in terms of pL, and cr. If Z 
has a y distribution, it can be shown that 
z= 2cr4/llz. (A4) 
Substituting equation (A4) into (A2), and multiplying by X2, gives the expression for the 
standard deviation of standing crop in terms of vz and pLz: 
crxs = (2/3 + /2 - A + 2) 
therefore, 
urXs = XALz [(1 + 5v?)(1 + vi)/12] (A5) 
Remember, equation (A5) depends on the assumption that Z has a y distribution. 
APPENDIX B 
CALCULATING THE MEAN AND STANDARD EVIATION OF STANDING AND ENCOUNTERED CROP 
AT EQUILIBRIUM: DECREASING-RENEWAL-RATE MODEL 
Encountered Resource Abundance 
Let the resource in a patch renew according to the equation 
x(t) = xm(1 - ex-t/xm) if x(O) = 0. (B1) 
If the probability that a forager encounters a patch after Z units of time has a distribution 
function F(z), then the mean encountered resource abundance is 
00 
x Xm(1 - ez/xm)dF(z) (B2) 
If F(z) is a -y distribution, then 
esudF(u) 2[ V ( V + s)1 (B3) 
By using equations (B3) and (B2), it can be shown that the mean encountered resource 
abundance is 
llxe = Xm [1 ( T+vz ) V1 
where T -= xm/XLz. 
In a similar fashion, it is possible to calculate the second noncentral moment of encoun- 
tered crop, 
1 = { x2(1 ext/xm)2dF(z), 
and therefore the standard deviation of encountered crop, 
Crxe T +2 _2 ( T )2Vz12 (B4) 
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Standing Crop 
Since the probability density function of current life at equilibrium is P(C = z) = [1 - 
F(z)]/,Lz, the mean standing crop is 
PLxs = Xm(l - e-Z/xm)[I F(z)]l Ipzdz 
= Xm {1 + T[( T) I it}- (B5) 
In a similar way, it is possible to show that the standard deviation of standing crop is 
xm iTL ( T I-V ) 12 - T L1 - 2( 2 + ) ]1} (B6) 
When foraging is independent, equations (B3)-(B6) can be used to show that 
P1xe = Ilxs = Xm/(1 + T) 
and 
(Jxe = (Jxs = xm[T/(1 + T)2(2 + T)] 1/2 
(see Possingham 1988). 
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